The structure-of the Candida rugosa lipase determined at 2.06-A resolution reveals a conformation with a solvent-accessible active site. Comparison with the crystal structure of the homologous lipase from Geotrichum candidum, in which the active site is covered by surface loops and is inaccessible from the solvent, shows that the largest structural differences occur in the vicinity of the active site. Three loops in this region differ significantly in conformation, and the interfacial activation of these lipases is likely to be associated with conformational rearrangements of these loops. The "open" structure provides a new image of the substrate binding region and active site access, which is different from that inferred from the structure of the "closed" form of the G. candidum lipase.
The structure-of the Candida rugosa lipase determined at 2.06-A resolution reveals a conformation with a solvent-accessible active site. Comparison with the crystal structure of the homologous lipase from Geotrichum candidum, in which the active site is covered by surface loops and is inaccessible from the solvent, shows that the largest structural differences occur in the vicinity of the active site. Three loops in this region differ significantly in conformation, and the interfacial activation of these lipases is likely to be associated with conformational rearrangements of these loops. The "open" structure provides a new image of the substrate binding region and active site access, which is different from that inferred from the structure of the "closed" form of the G. candidum lipase.
The presence of a water/lipid interface dramatically enhances the hydrolytic activity of lipases (1, 2). The activation phenomenon has been suggested to be associated with a conformational change in the enzyme (3, 4) . The need for rearrangement is supported by the structures of three lipases reported to date. In all of them the Ser-His-Asp/Glu catalytic triads are occluded by a polypeptide flap (lid) and are not exposed to the solvent (5) (6) (7) (8) . The topological location of the flap varies among the three lipases, and its length and complexity increases with the size of the molecule. The first confirmation of structural rearrangement was provided by the crystal structures of the small Rhizomucor rniehei lipase complexed with inhibitors (9, 10). They revealed a large displacement of a single loop that occludes the active site in the native structure. This rearrangement opened access to the active site serine and exposed a number of hydrophobic residues, creating a significantly larger hydrophobic area for interaction with the interface and substrate binding. Cutinase, which also hydrolyzes triacylglycerols, does not show the interfacial activation displayed by other lipases and its active site was found to be accessible to solvent (11) . The lack of interfacial activation was attributed to the absence of a flap (11) . Candida rugosa lipase (CRL)' belongs to the same enzyme family as Geotrichum candidurn lipase (GCL) and acetylcholinesterases ( 7 , 12). The 2.06-A resolution structure of CRL reported here is the first example of a native interface-activatable lipase in an "open" form, with an accessible active site. Taken together with GCL in its "closed form (7, 13), the two structures provide insight into the conformational rearrangement associated with the interfacial activation of these higher molecular weight lipases and identify the regions likely to be involved in substrate binding. This new information modifies our previous notions, which were inferred from the GCL structure alone (7) and from its comparison to acetylcholinesterase (13) .
The fungus C. rugosa (formerly cylindracea) produces several closely related lipase isoforms, five of which have been cloned and sequenced (14, 15).' All genes code for 534-amino acid proteins with M , of approximately 60,000. The isoforms show -40% amino acid sequence identity to GCL and -25% to acetylcholinesterase (7, 12) . Conserved residues include the catalytic triad, disulfide forming cysteines, and some salt bridges.
MATERIALS AND METHODS
The protein used for crystallization was purified from the crude C. rugosa lipase obtained from Sigma or Kodak (16) . Purification of crude C. rugosa lipase by gel filtration, ion exchange chromatography, and chromatofocusing separated multiple isoforms, some of which are likely to be products of heterogeneous glycosylation. Crystals were obtained by the vapor diffusion method independently at BRI and Kodak laboratories (16) using 2-methyl-2,4-pentanediol as a precipitant. Identical orthorhombic crystalsjspace group C222'; cell dimensions a = 64.9, b = 9 7 . 5 ,~ = 175.6 A) were obtained in both cases. The x-ray data to 2.06-A resolution used in the refinement were collected on the R-AXIS area detector from a crystal of isoform PI = 4.4 (Sigma). The structure was determined by the molecular replacement method using program AUTOMR (17). Although the molecular replacement solution using GCL as a model was clear, the refinement proved to be difficult due to significant local differences in some parts of the structure. Systematic omission from the rotation function calculations of a sliding window of 40 residues of GCL allowed us to exclude from the starting model those parts of the GCL structure that were the most likely to differ from CRL. This procedure helped to minimize model bias and to select the best starting model for the refinement. The starting model selected in this way contained 65% of all GCL residues. This model was slowly extended through many rounds of molecular dynamics refinement (X-PLOR Ref. 
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The root-mean-square deviation in bond lengths and bond angles from their ideal value! are 0.012 A and 2.8', respectively, and the average B factor is 19.2 A'. The electron density map is in excellent agreement with the amino acid sequence of Kawaguchi et al. (14) .
RESULTS AND DISCUSSION
Description of the Structure-CRL is a single-domain molecule ( Fig. l) and belongs to the family of a/@ hydrolase fold proteins (20) . In this paper, the nomenclature for the secondary structural elements follows that recommended as a standard for describing cholinesterases and the lipase members of the lipase/esterase family of homologous proteins (12, 21 ). An explanation of this nomenclature is given in the legend to Fig.  1 . The &strands are numbered in the same way as in Ref. 20 , and the correspondence between the names of the conserved helices of the a/P hydrolase fold (20) are A = B = ( Y~,~, C = ag.6, D = a&, E = and F = a&. As inferred from sequence alignments (7, la), the catalytic triad is formed by Ser-209, His-449, and Glu-341 (Fig. 2) . Ser-209 is embedded in the characteristic super-secondary structural motif, strandturn-helix, found in all other lipases (5-7), cutinase ( l l ) , and acetylcholinesterase (22) . Most of the major structural features of CRL are the same as in GCL (7, 13). Four hundred fifty structurally equivalent Ca atoms, 84% of all residues, superimpose with a root-meansquare deviation of 0.99 A. Despite the overall similarity, important differences distinguish CRL and GCL and provide insight into the conformational rearrangement upon interfacial activation. There are 84 pairq of Ca atoms that differ in their positions by more than 2.5 A after superposition of the two structures (Fig. 3) . The differences in the C-terminal and the nearby 250-273 region, distant from the active site, are probably unrelated to the catalytic function of the protein. Large conformational differences which appear to be catalytically important involve three loops in the vicinity of the active site: Lb3,2 (residues 62-92, referred to in the text as a flap, Fig. 4 ), L1,4 (residues 122-129), and L& (residues 294-305).
The loop that differs most in the two proteins is the flap. This loop in CRL is 7 residues shorter than the corresponding loop in GCL and assumes a very different orientation relative to the remainder of the molecule. The posi:ions of the tips of the two flaps differ by as much as 25 A (Figs. 3 and 5) . Strikingly, in the open conformation observed for CRL, the flap extends nearly perpendicular to the protein surface (Fig.  6 ) and forms one wall of a large depression that surrounds the active site (Fig. 7a) . The active site Ser-209 lies at the bottom of this depression with its 0, atom exposed to the solvent. The depression surrounding Ser-209 shows more hydrophobic character than any other solvent-exposed surface of the molecule. The face of the flap directed toward the active site is hydrophobic, composed mainly of aliphatic side chains. The face opposite the active site is hydrophilic in character and is stabilized through interactions with the protein surface. Similar stabilization has been observed in the R. miehei lipaseinhibitor complexes (9, 10) . In GCL, the flap packs against the bulk of the molecule with its hydrophobic face buried and its hydrophilic face forming one exterior surface of the enzyme. In this position, the flap completely covers the active site (Fig. 7b) . Removal of the flap from GCL exposes a surface that displays a hydrophobic nature similar to the depression of CRL.
The flap of CRL interacts with two areas of a symmetryrelated molecule; Leu-73 and Leu-80 contact a hydrophobic patch formed by residues 439 to 459 whereas Val-86 and Val-90 contact their 2-fold related counterparts. These van der Waals interactions involve only six atom-atom distances
Van der Waals representation of CRL in an orientation similar to that in Fig. 2 . a, the catalytic Ser-209 is clearly visible at the bottom of the depression. The area surrounding this serine shows a distinct alternating pattern of hydrophobic and polar, uncharged residues. The residues are color-coded as follows: dark blue, Arg, Lys; light blue, His; red, Asp, Glu; gray, Tyr, Trp, Phe; pink, Thr, Ser, Asn, Gln; green, catalytic triad residues Ser-209, Glu-341, and His-449; white, Ile, Leu, Val, Ala, GLy, Pro, Met, Cys. b, composite of van der Waals representation of CRL and C a trace of GCL after superposition of their structures. The two structures were superimposed as described in the Fig. 3 legend. CRL is shown in the same van der Waals representation seen in a. The tracing of GCL (yellow) is visible only in the regions where the two structures have shorter than 4.0 A. In contrast, the intramolecular contacts between residues on the hydrophilic face of the flap and the adjacent protein surface are more extensive. This suggests that the observed structure of CRL is an intrinsically stable conformation of t,he enzyme and that the position of the flap is not determined by the intermolecular forces involved in forming the crystal.
The second conformational difference leading to a more open, accessible active site in CRL is the orientation of the L3,4 loop. Despite a high degree of sequence identity in this loop, the positions observed in CRL and GCL are very different (Fig. 5) . In CRL, this loop extends toward the center of the protein in a conformation closely resembling that of the corresponding loop in native (22) and complexed forms (23) of acetylcholinesterase. The counterpart in GCL extends in the opposite direction, partially occluding the active site, and is tucked beneath the flap (7, 13) (Figs. 3 and 7b) . The geometry of Lg,4 and the active site of CRL suggest that the NH groups of Ala-210 and Gly-124 will form the oxyanion hole. The corresponding atoms, NH of Ala-218 and Ala-132, in GCL were also proposed to contribute to the oxyanion hole (7), so the position of Li,4 appears to be very important to catalysis.
The third conformational difference observed in the proximity of the active site is of the Lt.7 loop, which abuts the Lg, loop (Fig. 5) . The conformation of the former segment in CRL accommodates the shifted LA,4 loop, but the differences observed between CRL and GCL may also result from a 2-amino acid deletion in CRL in the Li,7 loop. GCL and CRL show many similarities in their kinetics and substrate specificity (24, 25) , and both are activated by the presence of an interface. Taken together with the amino acid sequence similarity and the overall similarity in their threedimensional structures, a similar mechanism of activation is expected. The reported increase in the rate of CRL-catalyzed esterification of 2-hydroxy acids in solvents with a low dielectric constant (26) further suggests that the open conformation of CRL observed in the crystal may have been induced by the crystallization conditions (35% 2-methyl-2,4-pentanediol). These findings and the fact that the large conformational and positional differences in the loops are concentrated mainly in the region of the active site strongly suggest that the CRL and GCL structures represent conformational states near the opposite ends of the activation pathway. The GCL structure represents the inactive, closed state; CRL, with an accessible active site, represents either an active state or an intermediate one, close to t.he active conformation.
Model for Interfacial Activation-Inspection of the GCL structure (7) and the observation of an internal cavity extending from the active site serine to two surface helices, one from the flap and one from loop L6.7 (13) , suggested that the direction of substrate entry into the active site was along a line approximately parallel to the @-strands of the large @-sheet (see Ref. 7) . This notion was strengthened by the comparison with acetylcholinesterase, whose active site gorge (22) corresponds in position to the cavity in GCL (13) . This suggested that the flap and loop L6,7 would move away from one another to allow entry of the substrate. Substrate Binding Depression-The presumed substrate binding depression is apparent in Fig. 2 and 7a . The floor of the depression is formed by the C-terminal ends of strands p4 and ps, the catalytic Ser-209, and residues 121-129 of the Li,4 loop. One wall is formed by the flap (Lb3, 2 ) , and residues 296-299 of the LQ,7 loop, two of the loops whose positions differ between CRL and GCL. The other wall of the depression is formed by residues 341-350 (CY+,& residues 442-459 (L&, a&, and residues 397-400 (L:, 8) . The surface of the cleft shows a pattern of interchanging hydrophobic/aromatic and hydrophilic patches extending from the active site (Fig.  7 a ) . The hydrophilic areas are almost entirely uncharged polar residues. One may speculate that the fatty acyl chains of bound triacylglycerol extend along the hydrophobic patches. There are only two surface polar residues in the vicinity of Ser-209: Glu-208 and Ser-450. They could play a role in hydrogen bonding of the carbonyl groups of the glycerol head of the substrate. Correlation of sequence differences in the cleft of the various lipase isoforms with differences in substrate specificity should further define substrate binding residues and provide a basis for mutagenesis studies aimed at defining the structural determinants of substrate specificity.
